X-ray photoelectron spectroscopy (XPS) is a quantitative, chemically specific technique with a probing depth of a few angstroms to a few nanometers.
Introduction
One of the main goals in catalysis research is to find a direct correlation between the structure and chemical composition of a catalyst and its catalytic activity and selectivity. This requires the investigation of catalysts under realistic operating pressures, where the chemical composition and structure of the catalyst are monitored simultaneously with its catalytic activity. A number of spectroscopies have been combined with methods that monitor catalytic performance (for recent surveys, see References 1 and 2). Among the techniques hundred electronvolts in a solid is on the order of 1 nm, the mean free path in a gas at 1 Torr is about 1 mm. This is much shorter than, e.g., typical working distances between the sample and the entrance to the electrostatic lens system of an electron analyzer (which is a few centimeters). In addition to the fundamental obstacle of electron scattering by gas molecules, an additional complication for high-pressure (HP)-XPS is the need to operate the electron detector under high vacuum conditions, i.e., to separate it from the high-pressure environment at the sample. For those reasons, most studies of catalysts using XPS have been performed in vacuum systems (p < 10 -6 Torr) where the chemical potential of reactants in the gas phase is unrealistically low. Another method is the comparison of the surface of the catalyst before and after its participation in a catalytic reaction. The state of a surface measured in such a "postmortem"
investigation is not necessarily representative of the surface of the active catalyst, as the presence of, e.g., reaction intermediates at the catalyst surface depends on the partial pressure of the reactants and products in the gas phase.
In order to perform XPS experiments at elevated pressures (>10 -5 Torr), the attenuation of the electrons due to scattering by gas molecules has to be kept to a minimum. The attenuation of the photoelectron signal in a gas environment is proportional to exp(-zσp/kT), where σ is the electron scattering cross section, z is the distance that the electrons travel at pressure p, k is Boltzmann's constant, and
T is the temperature. The electron attenuation can thus be reduced by placing the sample surface close to a differentially pumped aperture, behind which the pressure drops by several orders of magnitude. This basic concept has been used in a number of HP-XPS instruments that were developed over the past 30 years and that operate at pressures of up to 1 Torr. [12] [13] [14] [15] [16] [17] [18] [19] Several of these HP-XPS instruments have been used to study reactions on model catalyst surfaces, such as the interaction of oxygen with silver surfaces, 20, 21 methanol oxidation on Cu, 22 CO adsorption on Pd(111), 23 reaction of copper and copper oxide with SO 2 , 24 the reduction of nickel oxide in H 2 , 25 and the adsorption of CO on Pd(111).
Herein, we briefly describe the technical concept of a new type of HP-XPS spectrometer for investigations at pressures higher than 5 torr. [26] [27] [28] Such pressures are of particular importance for environmental science because the vapor pressure of water at the triple point is 4.6 torr. Numerous catalysis-related studies have already been performed with the new-generation HP-XPS instruments. The potential of these investigations is illustrated here using representative examples for reactions on Ru and Pd catalysts. Figure 1a shows the principal approach that is common to all HP-XPS instruments. The sample is placed in a high-pressure cell. X-rays are admitted to the cell through an x-ray-transparent window, usually a silicon nitrate, aluminum, or polymer membrane with a thickness of a few tens to a few hundreds of nanometers and an active window area in the square millimeter range. The x-ray window is necessary to keep the x-ray source (conventional cathode or synchotron beamline) under vacuum. The sample is placed close to a differentially pumped aperture through which the electrons and also gas molecules escape. The pressure differential across this aperture depends on the size of the aperture, the type of gas, the gas temperature, and the pumping efficiency and is typically on the order of 10 2 -10 4 .
Technical Aspects
The ultimate pressure limit in HP-XPS experiments is determined not only by the attenuation of the signal due to electron scattering by gas molecules, but also by the base pressure in the electron detector, which needs to be kept under vacuum. If the sample is to be investigated under pressures of one to several Torr, several differential pumping stages are therefore necessary. This is illustrated in Figure 1b , which shows the principal setup of most high-pressure XPS instruments. From Figure 1b , it is clear that there is a trade-off between the pumping efficiency and the transmission of electrons through the differential pumping stages. Small apertures spaced at large distances improve differential pumping but decrease the effective solid angle of the transmitted electrons. The pressure limit in this type of HP-XPS systems is about 1 Torr.
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The recent development of a new type of HP-XPS design has increased the pressure limit to about 10 Torr, with possible extensions to higher pressures in the future. In this design, electrostatic lenses focus the electrons onto the apertures, thereby increasing the transmission of electrons through the differential pumping system (see Figure 1c) Figure 1d ). Those instruments use aperture sizes of 2 mm between the differential pumping stages and front apertures of 0.3 mm (ALS) and 1 mm (BESSY), which allow pressures of 100 Torr or higher in the sample cell without compromising the vacuum in the electron analyzer. However, because of the scattering of electrons by gas molecules, the effective pressure limit is about 10 Torr, depending on the gas-phase composition and incident photon flux.
The key to increasing the pressure limit in HP-XPS is to decrease the effective path length of the electrons through the high-pressure region. This can be achieved by moving the sample closer to the aperture. However, because the pressure drops by several orders of magnitude across the aperture, there is a minimum distance at which the sample should be kept from the aperture to ensure homogeneous pressure conditions across the sample surface. This is illustrated in the pressure at the sample surface reached 0.95p 0 , and at 2d, it reached 0.98p 0 . We found in our experiments that the sample-aperture distance needs to be 2d (z=2d)
to ensure homogeneous pressure conditions at the sample surface.
The effective path length of the electrons through the high-pressure region can be reduced if the aperture diameter is decreased. At Beamline 11.0.2 of the ALS, the x-ray spot has a minimum size of 10 µm × 7 µm, i.e., the entrance aperture diameter of the differentially pumped lens system could be reduced by 10-30 µm, in turn reducing the minimum working distance between sample and aperture by a factor of 10, which would raise the pressure limit to about 100 Torr.
It is possible, however, that the increased photon flux density due to the tight focusing of the x-ray beam could cause beam damage of the sample surface. Therefore, the effective pressure limit in HP-XPS experiments also depends on the susceptibility of the investigated material to radiation damage.
In order to correlate the chemical nature of the surface of the catalyst with its catalytic activity, simultaneous measurements of the gas-phase composition need to be performed. This can be done by using, e.g., online mass spectrometry.
Another possibility in some cases is the direct determination of the gas-phase composition from the XPS spectra. Because the incident photon beam irradiates not only the sample surface but also part of the gas phase in front of the sample, gas-phase XPS peaks are observed alongside surface peaks if the partial pressures of the gas-phase species are above ~0.05 Torr. The BE shift between gas-phase and surface species is usually large enough to separate these contributions in the spectra.
In the following section, we discuss applications of the synchrotron-based HP-XPS instruments at BESSY and the ALS to oxidation reactions on Ru and Pd catalysts.
Examples Catalytically Active States of Ru during CO and Methanol Oxidation Reactions
The oxidation of CO over a Ru catalyst, used in exhaust gas converters, is a textbook example of a reaction that exhibits a so-called "pressure- The RuO x (1 < x < 2) transient states precede the nucleation and growth of the stoichiometric RuO 2 phase or mediate the reduction of RuO 2 to metallic Ru.
They can coexist with the RuO 2 phase in a wide range of temperatures for > 10 -4 mbar and can also form at temperatures <500 K where the growth of stoichiometric RuO 2 is kinetically hindered. 43 Under reaction conditions, the RuO x states can be stabilized by "reducing" reactants (e.g., CO, H 2 , CH 3 OH, etc.) that drive the oxidation state away from the equilibrium achieved in a pure O 2 environment. 44 Fortunately, the RuO x transient has characteristic Ru 3d core-level features, different from those of the RuO 2 phase and metallic Ru. Thus, the Ru oxidation states and their catalytic performance, evolving under variable millibar operating conditions, can be identified by HP-XPS combined with online mass spectrometry, which monitors the gas-phase products. Error! Bookmark not defined. The experiments described in this section were performed using the HP-XPS instrument located at BESSY.
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The Ru 3d 5/2 core-level spectra in Figure 3 , measured during CO oxidation reactions, illustrate the transformation of a metallic Ru (0001) precatalyst into a RuO x transient in the 420-500 K range and the following growth of the RuO 2 phase above 500 K. The plot of the CO 2 yield in Figure 3 shows a sharp onset far below the RuO 2 formation temperature, which practically coincides with the temperature (420 K) at which the development of RuO x is apparent in the Ru 3d 5/2 spectra. Figure 4 illustrates the dynamics of the catalyst oxidation state and the dramatic changes in the catalyst selectivity with small variations in the stoichiometry of the In conclusion, the example of the dynamics of the Ru oxidation state and its catalytic performance up to Torr pressures demonstrates the compositional complexity of the catalytically active states under operating conditions that are often found at phase boundaries. These results underscore the need for measurements under technically relevant ambient pressures.
In Situ Study of Palladium Oxidation
Despite their general importance, the atomic-scale processes leading to the oxidation of metals are not understood. Here, we discuss an example where HP-XPS has been used to experimentally follow the oxidation of Pd.
A recent in situ surface x-ray diffraction (SXRD) study identified different crystalline phases of oxidized Pd(100) over an extended pressure and temperature range. 46 For that reason, new photoemission measurements were carried out on only. During heating to reduce the oxide, the PdO phase transforms directly into the surface oxide phase, indicating that the subsurface oxide is a metastable phase. When the oxygen pressure was increased into the Torr range PdO formed (see Fig. 5c ). The Pd 3d 5/2 region shows one single peak that is shifted by ~1.6 eV compared to bulk metallic Pd (peak I in Figs. 5a and b) . The experimental observations at many pressures and temperatures were used to construct the phase diagram in Figure 6a . Each point in the diagram represents an independent experiment in which no change was observed in the spectra over several minutes. which is stabilized by a large activation energy separating the clean metal and surface oxide from bulk PdO. The origin of this activation energy is likely in the large crystallographic restructuring that occurs when going from the metal to the bulk oxide. As a result, the surface oxide structure, which is in epitaxial relationship with the (111) metal substrate, can grow into a two-(and perhaps more) layer-thick film before finally transforming into PdO.
Methane Combustion over Pd(111)
Following the example of Pd oxidation, we now discuss the role of Pd in a heterogeneous catalytic reaction. Palladium is well-known for its catalytic activity in the combustion of methane in gas-powered turbines. Compared to other metals, it shows the highest rate per unit metal surface for methane oxidation. 52, 53 PdO is the thermodynamically stable phase at low temperatures, whereas Pd metal is stable at high temperatures. There is controversy about the activity of PdO and Pd metal in methane combustion. [54] [55] [56] [57] [58] [59] [60] Methane combustion over Pd (111) . The HP-XPS spectra and the mass spectrometry data were continuously recorded. 61 Figure 7 shows mass spectroscopic data of the formation rates of CO 2 (Fig 7a) and water (Fig 7b) during a heating/cooling cycle as a function of the sample temperature. In analogy to previous observations, a kinetic hysteresis, which was assigned to spectroscopically observed differences in the surface oxidation state, was found. 62, 63 During the heating cycle, the conversion starts above 500 K and reaches a maximum at 650 K. Between 650 and 700 K, the activity decreases again, and it finally increases exponentially above 700 K.
During cooling, the reaction rate does not abandon its exponential decrease, and consequently, the low-temperature maximum at 650 K is missing. 
Conclusions
The results presented above demonstrate that HP-XPS is able monitor the These subsurface species cannot be observed under vacuum conditions because they either are not formed in vacuum because of the lack of oxygen chemical potential, or they decompose into surface oxides and bare metal when the sample is transferred from high pressure back into vacuum.
Subsurface compounds are electronically distinctly different from oxides in that they have a metallic surface termination. These metal sites are deprived of electron density, and therefore, their chemisorptive interaction with surface atomic oxygen will be different from metal sites in the absence of subsurface compounds. As a result of these differences, atomic oxygen can be bound to a metal atom either as electrophilic (oxidizing) or nucleophilic (C-H activating)
oxygen. With respect to reacting molecules, the subsurface oxygen compounds support the adsorption of nonactivated reactants.
In the cases of CO and methanol oxidation, the roles of the activated oxygen species differ from each other: Whereas CO can only react with electrophilic oxygen, methanol either will be transformed to formaldehyde by nucleophilic oxygen or will be deeply oxidized to CO 2 by the combined action of nucleophilic and electrophilic oxygen. Exactly this combined action is desired in methane combustion, where a strongly oxygen-modified metal surface is also required to bind the nonactivated substrate. 
